Abstract: An accurate estimation of the chlorophyll-a (Chla) concentration is crucial for water quality monitoring and is highly desired by various government agencies and environmental groups. However, using satellite observations for Chla estimation remains problematic over coastal waters due to their optical complexity and the critical atmospheric correction. In this study, we coupled an atmospheric and a water optical model for the simultaneous atmospheric correction and retrieval of Chla in the complex waters of the Wadden Sea. This coupled model called MOD2SEA combines simulations from the MODerate resolution atmospheric TRANsmission model (MODTRAN) and the two-stream radiative transfer hydro-optical model 2SeaColor. The accuracy of the coupled MOD2SEA model was validated using a matchup data set of MERIS (MEdium Resolution Imaging SpectRometer) observations and four years of concurrent ground truth measurements (2007)(2008)(2009)(2010) at the NIOZ jetty location in the Dutch part of the Wadden Sea. The results showed that MERIS-derived Chla from MOD2SEA explained the variations of measured Chla with a determination coefficient of R 2 = 0.88 and a RMSE of 3.32 mg·m −3 , which means a significant improvement in comparison with the standard MERIS Case 2 regional (C2R) processor. The proposed coupled model might be used to generate a time series of reliable Chla maps, which is of profound importance for the assessment of causes and consequences of long-term phenological changes of Chla in the turbid Wadden Sea area.
Introduction
Effective management of water quality in coastal regions and turbid waters requires accurate information about water quality parameter changes on prolonged time scales. Although this may sound simple, it is an extremely challenging task. One of the most important water quality parameters is chlorophyll-a (Chla) concentration, which is an important factor controlling light attenuation in the water column and is used as a measure of the eutrophic state [1] . Chla concentration is a very crucial factor to understanding the planetary carbon cycle [2] and is considered as an important indicator of eutrophication in marine ecosystems that may influence human life [3, 4] . Chla abundance can be affected by anthropogenic nutrient supply from industrial and agricultural sources, where simultaneously the aquaculture industries and fisheries are influenced by Chla abundance [5] .
in the shortwave infrared, even in the case of highly turbid waters [31, 32] . However, in further studies, researchers found that for extremely high turbidities, even in the shortwave infrared region, the water-leaving reflectance was not absolutely equal to zero [33] . In addition, other studies focused on the non-negligible water-leaving reflectance assumption in the NIR [34, 35] . For example, Carder et al. [36] investigated the ratio of water-leaving reflectance at two NIR bands. This ratio was either assumed constant [37] or estimated from neighboring pixels of open oceans [38] . Although the assumption of a known relationship between the values of water-leaving reflectance in two NIR bands is necessary, it is not sufficient. Indeed, accurate information about visibility and aerosol type is still needed [34] . Shen et al. [39] used the radiative transfer model MODTRAN to perform atmospheric correction for MERIS images over highly turbid waters. As shown by Verhoef and Bach [40] , for an assumed visibility and aerosol type, MODTRAN can be used to extract the necessary atmospheric parameters to remove the scattering and absorption effects of the atmosphere and to obtain calibrated surface reflectance, as well as correcting the adjacency effects. However, this technique assumes a spatially homogeneous atmosphere [41] , while in reality not only visibility but also the aerosol type may vary spatially within the extent of satellite images (in the presence of local haze variations). For example, in the case of coastal waters, some aerosol types (e.g., urban or rural) might exist in the regions close to the land and other pixels might have the maritime aerosol type. Consequently, the assumption of a homogeneous atmosphere may lead to wrong establishment of visibility and aerosol model in different parts of the image and may result in overestimation or underestimation of water constituent concentrations from ocean-color observations. The Case-2 regional (C2R) processor provided by ESA for MERIS L1 products in the MERIS regional coastal and case 2 water projects [42] , performs atmospheric correction pixel by pixel and contains procedures for determining inherent optical properties that are delivered as MERIS L2 products, including reflectance, inherent optical properties (IOPs), and water quality parameters. However, the C2R processor may be invalid for very chlorophyll-rich waters like some eutrophic lakes [43] and for highly turbid waters [39] . In this paper, by applying radiative transfer modeling for the non-homogeneous atmosphere and comparing the results with the C2R processor, we tried to improve the atmospheric correction technique over this coastal area.
Hydro-Optical Model
After improving the atmospheric correction technique, water constituent concentration-dependent optical modeling of turbid waters is the next step. Improving the accuracy of water properties retrievals in coastal waters requires generic models that can be applied to these complex water bodies [44] . For open oceans, estimation of Chla from earth observation data is well established [45] . An empirical algorithm is in use that, with slight modifications for the actual band settings, has proven to work well for instruments like SeaWiFS (Sea-Viewing Wide Field-of-View Sensor), MODIS (Moderate Resolution Imaging Spectroradiometer) and MERIS [46] [47] [48] . However, satellite estimation of Chla concentration is still difficult for coastal waters, where Chla, SPM and CDOM occur in various mixtures which complicate the derivation of their concentrations from reflectance observations [49] .
Therefore, there is a pressing need to develop, implement and validate a self-consistent, generic and operational retrieval model of water quality in turbid waters [49] . In this study, the forward analytical model known as 2SeaColor developed by Salama and Verhoef [50] was applied for the first time to retrieve Chla concentration in the Wadden Sea. The 2SeaColor model is based on the solution of the two-stream radiative transfer equations for incident sunlight and also performs well for turbid waters, while the commonly applied water quality algorithms might suffer from saturation in the presence of a high turbidity [44] .
After defining the main problems of remote sensing of coastal waters described above, and motivated by the need for a high-quality, satellite-based long-term Chla retrieval in the turbid waters of the Wadden Sea, this research focused on the following objectives: (1) improving the accuracy of Chla concentration (mg·m −3 ) retrieval from MERIS data by applying a coupled MODTRAN−2SeaColor model (MOD2SEA) for the Wadden Sea and (2) comparing the accuracy of the coupled MOD2SEA in performing atmospheric correction and retrieving Chla concentration values with the ESA standard C2R processor. The paper is arranged as follows. The case study is described first. Then, the datasets used for C2R and MODTRAN simulations as well as the 2SeaColor model are briefly introduced. Next, we validate the derived Chla concentration and water-leaving reflectance values for both MOD2SEA and C2R processor against the ground truth measurements at the NIOZ jetty station. Then, we evaluate the remote sensing (MOD2SEA and C2R) retrievals and compare the variation of MOD2SEA results with similar in situ studies in the Wadden Sea. Finally, we suggest some recommendations for further remote sensing studies in complex turbid waters like the Wadden Sea and discuss the applicability of this approach to other estuaries and satellite ocean color missions.
Materials and Methods

Study Area
The Dutch Wadden Sea is a coastal area located between the mainland of the Netherlands and the North Sea. The area is located between the Marsdiep near Den Helder in the southwest and the Dollard near Groningen in the northeast and comprises a surface area of 2500 km 2 ( Figure 1 ). This region is a shallow, well-mixed tidal area that consists of several separated tidal basins. Each basin comprises tidal flats, subtidal areas and channels. Basins are connected to the adjacent North Sea by relatively narrow and deep tidal inlets between the barrier islands [51] . The high near-surface concentrations of water constituents as well as the spatial, tidal and seasonal variations of the optically active substances (Chla, SPM and CDOM) make this region an optically very complex area and a good representative for remote sensing studies in turbid coastal waters [10] .
Ground Truth Dataset
The ground truth data have been extensively used to investigate the accuracy of remote sensing radiometric products (i.e., the remote sensing reflectance) from the recorded TOA radiance in satellite observations like MERIS images [52] . In this study, the ground truth above-water radiometric dataset was provided by the research jetty of the Royal Netherlands Institute for Sea Research (NIOZ) at Texel, located in the Dutch part of the Wadden Sea. Every quarter of an hour, radiometric color measurements of the water, sun and sky (including meteorological conditions), as well as Chla and mineral concentration, were recorded for over a decade [53] . The data were collected at the NIOZ jetty station (53 • 00 06 N; 4 • 47 21 E) [54] , where the newest generation of hyperspectral radiometers was installed for "autonomous" monitoring of the Wadden Sea from 2001 until the present [53] (Figure 2 ). The footprint size of the radiometer is less than a meter, and the viewing direction is not nadir but oblique, so the measurements on the ground are only partially representative of the nadir water reflectance from 300 m pixels as sensed by MERIS.
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(a) (b) Figure 2 . (a) The location at the NIOZ jetty sampling station in the western part of the Dutch Wadden Sea [54] ; (b) The optical system mounted on a pole on the platform of the NIOZ jetty in the Wadden Sea [53] .
In addition, specific inherent optical properties (SIOPs) of water constituents in the Wadden Sea were obtained from Hommersom et al. [11] , who documented SIOP measurements in 2007 at 37 stations in this area.
Satellite Observations
The MERIS sensor, operational on board the European environmental satellite ENVISAT between 2002-2012, was primarily intended for ocean, coastal and continental water remote sensing. MERIS was an orbital sensor with 15 bands covering the spectral range from 400 to 950 nm and was succeeded by the Ocean and Land Color Instrument (OLCI) on board Sentinel-3 beyond 2015 [55] . The high sensitivity and large dynamic range of the MERIS sensor has been widely used for ocean and coastal water remote sensing [56] [57] [58] [59] . In this study, ocean color data were obtained from ESA archive of MERIS images (full resolution: 300 m) covering the Wadden Sea during 2002-2012 (data provided by European Space Agency). MERIS has a revisit time of three days over the Dutch Wadden Sea at around 10:30 a.m. local time. The MERIS 1b image provides TOA radiance information and some environmental parameters for each pixel. Some of these environmental parameters (such as sun zenith angle (SZA), view zenith angle (VZA), relative azimuth angle (RAA), water vapor (H2O) and ozone (O3)) were used as input parameters to perform MODTRAN simulations in this study.
Ground Truth and Satellite Observation Data Matchups
Validation of ocean color products (i.e., biogeochemical parameters, inherent optical properties (IOPs) and water-leaving radiance), theoretically, should be performed from ground truth measurements acquired simultaneously to the satellite overpass over the same location (the so-called matchup points) [60] . In this study, the following criteria were used to find matchup points between satellite observations and ground truth measurements: (1) all available MERIS images over the Dutch part of Wadden Sea between 2002 and 2012 were checked to select the cloud-free images; (2) a narrow time window of ±1 h was used; (3) five-by-five pixel kernels centered on the ground truth measurement coordinates were then extracted from the MERIS images using BEAM software (version 5.0) (no aggregation method was used to avoid possible spectral contamination); (4) In addition, specific inherent optical properties (SIOPs) of water constituents in the Wadden Sea were obtained from Hommersom et al. [11] , who documented SIOP measurements in 2007 at 37 stations in this area.
Satellite Observations
The MERIS sensor, operational on board the European environmental satellite ENVISAT between 2002-2012, was primarily intended for ocean, coastal and continental water remote sensing. MERIS was an orbital sensor with 15 bands covering the spectral range from 400 to 950 nm and was succeeded by the Ocean and Land Color Instrument (OLCI) on board Sentinel-3 beyond 2015 [55] . The high sensitivity and large dynamic range of the MERIS sensor has been widely used for ocean and coastal water remote sensing [56] [57] [58] [59] . In this study, ocean color data were obtained from ESA archive of MERIS images (full resolution: 300 m) covering the Wadden Sea during 2002-2012 (data provided by European Space Agency). MERIS has a revisit time of three days over the Dutch Wadden Sea at around 10:30 a.m. local time. The MERIS 1b image provides TOA radiance information and some environmental parameters for each pixel. Some of these environmental parameters (such as sun zenith angle (SZA), view zenith angle (VZA), relative azimuth angle (RAA), water vapor (H 2 O) and ozone (O 3 )) were used as input parameters to perform MODTRAN simulations in this study.
Ground Truth and Satellite Observation Data Matchups
Validation of ocean color products (i.e., biogeochemical parameters, inherent optical properties (IOPs) and water-leaving radiance), theoretically, should be performed from ground truth measurements acquired simultaneously to the satellite overpass over the same location (the so-called matchup points) [60] . In this study, the following criteria were used to find matchup points between satellite observations and ground truth measurements: (1) all available MERIS images over the Dutch part of Wadden Sea between 2002 and 2012 were checked to select the cloud-free images; (2) a narrow time window of ±1 h was used; (3) five-by-five pixel kernels centered on the ground truth measurement coordinates were then extracted from the MERIS images using BEAM software (version 5.0) (no aggregation method was used to avoid possible spectral contamination); (4) 
Methodology
The accuracy of the coupled MOD2SEA model in doing atmospheric correction and deriving Chla concentration values was evaluated against ground truth measurements and was compared with C2R results.
The Coupled MOD2SEA Model
The developed MOD2SEA method combined two lookup tables (LUTs) from 2SeaColor and MODTRAN as schematically shown in Figure 3 . 
Methodology
The Coupled MOD2SEA Model
The developed MOD2SEA method combined two lookup tables (LUTs) from 2SeaColor and MODTRAN as schematically shown in Figure 3 . These LUTs were generated by simulating the water-leaving reflectance for varying ranges of the governing biophysical variables (with respect to range of these water quality variables at the NIOZ jetty station (Table 1) ) and MODTRAN parameters based on different combinations of visibilities and aerosol models at specific viewing-illumination geometries for every MERIS image separately. Table 1 presents the LUT composition of the 2SeaColor model and the MODTRAN input variables in this assessment. These LUTs were generated by simulating the water-leaving reflectance for varying ranges of the governing biophysical variables (with respect to range of these water quality variables at the NIOZ jetty station (Table 1) ) and MODTRAN parameters based on different combinations of visibilities and aerosol models at specific viewing-illumination geometries for every MERIS image separately. Table 1 presents the LUT composition of the 2SeaColor model and the MODTRAN input variables in this assessment. The details on simulation of R RS by the 2SeaColor model and TOA radiance by the MODTRAN radiative transfer code are described as follows:
Reflectance (R RS ) Simulation by 2SeaColor Forward Model
The 2SeaColor model is based on the solution of the two-stream radiative transfer equations including direct sunlight, as described by Duntley (1942 Duntley ( , 1963 [61, 62] . Both the analytical forward model and the inversion scheme are provided in detail in Salama and Verhoef [50] . The reflectance result predicted by the 2SeaColor model is r ∞ sd , the directional-hemispherical reflectance of the semi-infinite medium, which is linked to IOPs by Salama and Verhoef [50] :
where x is the ratio of backscattering to absorption coefficients (x = b b /a), and µ w is the cosine of the solar zenith angle beneath the water surface. The reflectance factor r ∞ sd can be approximated by Q × R(0 − ) under sunny conditions, where Q = 3.25 and R(0 − ) is the irradiance reflectance beneath the surface [63] , which can be converted to above-surface remote sensing reflectance (R RS ) by Lee et al. [64] .
Total absorption and backscattering coefficient of water constituents (a and b b ) were calculated using Equations (3) and (4) respectively [27, 48] .
where the subscripts w, chl, nap and cdom stand for water molecules, chlorophyll, non-algae particles and colored dissolved organic matter, respectively. As implemented in Salama and Shen [65] , the absorption coefficients of the water constituents (a) are parameterized by (Bricaud et al. [66] ; Lee et al. [67] ; Lee et al. [68] ). Also, the backscattering coefficients of the water constituents (b b ) were parametrized by (Doxaran et al. [69] and Morel et al. [70] ). Table 2 . Summary of the used parameterizations.
Variable Parametrization Equation Reference
Chla absorption
Nap absorption
Scattering of water molecules b bw (λ); Listed values, Absorption of water molecules a w (λ); Listed values (11) [72] In Table 2 , [Chl], [SPM] and a cdom (440) stand for Chla concentration, SPM concentration and the CDOM absorption at 440 nm respectively. The absorption and backscattering coefficients of water molecules (a w and b bw ) were taken from previous studies (Mobley [71] ; Pope and Fry [72] ) and a 0 and a 1 were given in Lee et al. [67] . The initial values of non-algae particle absorption (a * nap (440) = 0.036 m 2 ·g −1 ), spectral slope of non-algae particles (S nap = 0.011 nm −1 ), spectral slope of CDOM (S cdom = 0.013 nm −1 ) and specific scattering coefficient of non-algae particles (b * nap (550) = 0.282) were taken from the Hommersom et al. [11] SIOP measurements at 37 stations in the Wadden Sea. Also, the initial values of γ and I (γ = 0.6 and I = 0.019) for the North Sea were taken from Doxaran et al. [69] and Petzold [73] , respectively. In this study, we used the 2Seacolor forward model and the various parameterizations described in Table 2 to simulate the water-leaving reflectance (R RS spectra) values for a series of combinations of Chla, SPM and CDOM concentration (Table 1) and for the given SZA associated with every MERIS image separately. The simulated values of R RS spectra for all MERIS bands were stored in a water LUT for the MERIS bands and then used as R RS input parameters for MODTRAN to calculate the TOA radiances in the MERIS bands.
Top of Atmosphere (TOA) Radiance Simulation by MODTRAN
MODTRAN is the successor of the atmospheric radiative transfer model LOWTRAN [74] . It is publicly available from the Air Force Research Laboratory in the USA. The latest version of MODTRAN (5.2.1) contains large spectral databases of the extraterrestrial solar irradiance and the absorption of all relevant atmospheric gases at a high spectral resolution. The accurate calculation of atmospheric multiple scattering makes it a very appropriate tool for reliable simulation and interpretation of remote sensing problems in the optical and thermal spectral regions [75] . To apply MODTRAN simulations, first of all several parameters describing the real atmospheric conditions should be determined as inputs for this model. Table 3 shows the standard definition of MODTRAN inputs with respect to the ranges of average values of atmospheric and geometric variables variation over one image for four years of all available MERIS images between 2007 and 2010 over the Dutch part of the Wadden Sea. In the MERIS image, some of the local atmospheric (O 3 , H 2 O) and geometric variables (VZA, SZA and RAA) can be used as input for MODTRAN. Note that for every MERIS image a separate input file was created by establishing the local atmospheric (O 3 , H 2 O, CO 2 ) and geometric variables (VZA, SZA, RAA) of that specific run to MODTRAN (Figure 3 ). These parameters could be retrieved from MERIS ancillary data per pixel using Matlab. In this study, we varied the aerosol type (rural, maritime and urban) and visibility (5 to 50 km with 1 km step) and thus made a total of 135 scenarios for each lookup table and given atmospheric state and angular geometry, which were extracted from the MERIS image ancillary data per image. For each scenario the MODTRAN Interrogation Technique (MIT) was applied by using surface albedos of 0.0, 0.5 and 1.0 (the MIT is explained in detail by Verhoef and Bach [75] ). The output .tp7 file of MODTRAN quantified the TOA radiance spectrum for each simulated wavelength from 350 to Remote Sens. 2016, 8, 722 9 of 22 1000 nm. Then in the MIT the .tp7 file was used as input to derive three MODTRAN parameters (gain factor (G), path radiance (L 0 ), and spherical albedo (S)). These parameters are spectral variables depending on various atmospheric conditions [75] . The spectral response functions (SRF) of the MERIS bands were convolved with the MODTRAN parameters to compute L 0 , G and S for every MERIS band and these simulations were stored in the atmospheric LUTs (Atmos LUTs MERIS).
The MOD2SEA Retrievals
The simulated TOA radiance of MERIS data in the MODTRAN output file, L TOA (Wm −2 ·sr −1 ·µm −1 ), Can be expressed in surface reflectance r by the following equation [77] :
where r is the hemispherical reflectance (=π R RS ) leaving the water surface, L 0 is the total radiance for zero surface albedo (Wm −2 ·sr −1 ·µm −1 ), S is the spherical albedo of the atmosphere and G is the overall gain factor. In this study, the LUTs of water-leaving reflectance generated by the 2SeaColor model were used as R RS input parameters of Equation (12) to calculate TOA radiance for all combinations of water properties and atmospheric conditions and then organized in a water-atmosphere lookup table (water-atmosphere). The simultaneous retrieval of Chla, SPM, CDOM concentration, aerosol type and visibility was then performed by spectrally fitting the MOD2SEA-simulated TOA radiances (using RMSE) to MERIS TOA radiances for all MERIS bands except the band numbers 1, 2 and 11. Band 11 is located in the O 2 -A absorption band and can give erroneous results due to sampling errors of MERIS. Bands 1 and 2 gave systematic deviations in R RS after atmospheric correction. The cause of this problem is presently still unknown. In this retrieval, Chla retrieval using the coupled MOD2SEA model was performed in two steps. First the increments of 5, 5 and 1 were taken for Chla concentration (mg·m −3 ), SPM concentration (g·m −3 ) and CDOM absorption at 440 nm (m −1 ), respectively, to find an approximate solution. Later, in the refined step, the step size of the LUTs composition was reduced to 0.1 for all water constituents in the identified rough range resulting from the first step. Applying this approach led to speeding up the running of the Matlab code and to obtaining more precise results. Although Figure 3 suggests the storage of a fixed LUT for water R RS for each MERIS image, this LUT was only generated in a loop, and not stored, in order to reduce memory requirements. The best fitting combination of water properties and atmospheric conditions was found during the generation of the water LUT, but this water LUT was never stored as such, contrary to the atmospheric LUT, which was actually stored. This approach also allowed greater flexibility by applying the two-step procedure in finding the best-fitting water properties, by first applying a rough search in the first round with large steps in the three concentrations, and in the next round a refined search with small steps over much smaller ranges. It should be noted that the current procedure applied to a single pixel per matchup date is not suitable to be applied pixel by pixel, and this issue is left for a future study.
MERIS Case-2 Regional (C2R) Processor
The Case-2 regional processor (C2R) [42] , available in the Basis ERS and ENVISAT (A) ATSR and MERIS Toolbox (BEAM) software, has been widely used to derive water quality parameters from MERIS images [78] [79] [80] [81] . The C2R processor consists of two procedures, one for atmospheric correction and one for the bio-optical part for retrieving the IOPs of water columns. The Neural Networks (NN) in C2R were trained with Hydrolight [71] simulations and in situ measurements in the German bight and from other cruises in European seas [42] . More details can be found in Doerffer and Schiller [42] . The output of the C2R processor, including IOPs: the absorption coefficient of Chla at wavelength 443 nm (a chl (443)), the absorption coefficient of CDOM (a CDOM (443)), the total absorption (a tot (443)), and the scattering coefficient of SPM (b spm (443)) were then used to define water quality parameters such as Chla and SPM. Equations to relate BEAM processor IOPs to water quality concentrations of Chla and SPM are presented as follows:
[Chla] = 21.0 × a chl (443)
1.04 (13) [SPM] = 1.72 × b spm (443) (14) where 
Validation
To evaluate the accuracy of the MOD2SEA coupled model and the C2R processor, we applied these two models to the 35 matchup moments of MERIS observations and four years of concurrent Chla measurements (2007) (2008) (2009) (2010) at the NIOZ jetty location, separately. The validation of model simulations were performed in two different levels of atmospheric correction and water retrieval models. Since the NIOZ jetty station is located close to the land, for every image, the darkest pixel from 5 by 5 pixels around the location of this station was extracted first. By selecting the darkest pixel from the 5 × 5 neighborhood centered on the jetty station, we exclude cloudy and land pixels, as well as water pixels close to the shore that are possibly influenced by an adjacency effect due to the near land area. Of course an underlying assumption in our approach is that the water of the darkest pixel has the same composition as found at the location of the jetty station. However, since the water current is mostly strong near the inlet to the Wadden Sea, we are confident that the water is well-mixed, and local gradients in water properties are small.
Atmospheric Correction
The accuracy of atmospheric correction methods using the coupled MOD2SEA model and C2R processor was evaluated against the ground truth water-leaving reflectance for all 35 matchups between 2007 and 2010 at the NIOZ jetty station. Four statistical parameters, the root mean square error (RMSE), the determination coefficient (R 2 ), the normalized root mean square error (NRMSE) and relative root mean square error (RRMSE) [82] were used to quantify the goodness-of-fit between derived and measured water-leaving reflectance values at the NIOZ jetty data where near-concurrent (±1 h) MERIS measurements were available. To do this, three MERIS bands 3, 5 and 7 were selected. Finally, the accuracy of the proposed MOD2SEA model in doing atmospheric correction was compared against C2R processor products. The results of this assessment are presented in Section 4.2.
Water Model Inversion
The accuracy of retrieved Chla concentration values using the coupled MOD2SEA model and the C2R processor were evaluated against ground truth Chla measurements for all 35 matchup points at the NIOZ jetty station between 2007 and 2010. The results of this evaluation are presented in Section 4.3. It should be mentioned that in view of the main objective of this study (retrieval of Chla concentration) and the availability of ground truth measurements, investigation of changes in other water constituents (SPM and CDOM concentration) was considered to fall outside of the scope of this study, although these were retrieved along with Chla using MOD2SEA. In addition, the visibility and aerosol type were retrieved simultaneously with water quality parameter concentration which were used in the model to simulate water-leaving reflectance values based on the best matching TOA radiance by MOD2SEA coupled model.
Results
Variability of MODTRAN Parameters (L 0 , G and S) at Different Atmospheric Conditions
The case of the three aerosol types-rural, maritime and urban-for a visibility of 20 km on 7 October 2007 was used as an example to display the result of applying MODTRAN to the MERIS bands for three atmospheric conditions. We used MIT method [75] to derive L 0 , G and S values using surface albedos of 0.0, 0.5 and 1.0 for the mentioned visibilities and aerosol types in these figures.
The atmospheric path radiance L 0 represents the case when the surface reflectance is zero and the radiance at the top of atmosphere comes from atmospheric scattering alone. As Figure 4 shows, L 0 values decrease with wavelength, which means at longer wavelengths the atmosphere scatters less. The S presents the spherical albedo values which are not large and show a similar trend to L 0 . The gain factor G contains the product of the extraterrestrial solar irradiance and the total two-way transmittance through the atmosphere, and shows a maximum at about 500 nm. L 0 Figure 5 . bands for three atmospheric conditions. We used MIT method [75] to derive L0, G and S values using surface albedos of 0.0, 0.5 and 1.0 for the mentioned visibilities and aerosol types in these figures. The atmospheric path radiance L0 represents the case when the surface reflectance is zero and the radiance at the top of atmosphere comes from atmospheric scattering alone. As Figure 4 shows, L0 values decrease with wavelength, which means at longer wavelengths the atmosphere scatters less. The S presents the spherical albedo values which are not large and show a similar trend to L0. The gain factor G contains the product of the extraterrestrial solar irradiance and the total two-way transmittance through the atmosphere, and shows a maximum at about 500 nm. L0, S and G vary with different combinations of aerosol types and visibilities, while for maritime and rural aerosol types, they have similar values. The urban aerosol model has a stronger absorption and always has lower values when compared to the other two aerosol models. Examples of the MODTRAN path radiance simulations (L0) from 7 October 2007, for visibilities of 5, 10 and 40 km while water-leaving reflectance is zero as representative for a range of haze conditions and three different aerosol models are presented in Figure 5 . bands for three atmospheric conditions. We used MIT method [75] to derive L0, G and S values using surface albedos of 0.0, 0.5 and 1.0 for the mentioned visibilities and aerosol types in these figures. The atmospheric path radiance L0 represents the case when the surface reflectance is zero and the radiance at the top of atmosphere comes from atmospheric scattering alone. As Figure 4 shows, L0 values decrease with wavelength, which means at longer wavelengths the atmosphere scatters less. The S presents the spherical albedo values which are not large and show a similar trend to L0. The gain factor G contains the product of the extraterrestrial solar irradiance and the total two-way transmittance through the atmosphere, and shows a maximum at about 500 nm. L0, S and G vary with different combinations of aerosol types and visibilities, while for maritime and rural aerosol types, they have similar values. The urban aerosol model has a stronger absorption and always has lower values when compared to the other two aerosol models. Examples of the MODTRAN path radiance simulations (L0) from 7 October 2007, for visibilities of 5, 10 and 40 km while water-leaving reflectance is zero as representative for a range of haze conditions and three different aerosol models are presented in Figure 5 . As this figure shows, the calculated TOA radiances for the urban aerosol type show a lower range of variation compared to the maritime and rural cases. All the values of TOA radiance for the urban aerosol type are between 0 and 60 (Wm −2 ·sr −1 ·µm −1 ), while these values for maritime and rural ones vary between 0 and 80 (Wm −2 ·sr −1 ·µm −1 ). On the other hand, the simulated TOA radiances by MODTRAN differ significantly not only with aerosol type, but also with visibility. Lower visibility gives higher TOA radiances. Consequently, a wrong assumption about visibility or aerosol type leads to a wrong calculation of water-leaving reflectance and as a result the water parameter concentrations may be overestimated or underestimated.
Atmospheric Correction Validation
The results of performing of the coupled MOD2SEA model and the ESA MERIS standard C2R processor to derive water-leaving reflectances for MERIS bands of 3, 5 and 7 against ground truth measurements are shown in Figure 6 . The statistical analysis regarding this assessment are presented in Table 4 . As this figure shows, the calculated TOA radiances for the urban aerosol type show a lower range of variation compared to the maritime and rural cases. All the values of TOA radiance for the urban aerosol type are between 0 and 60 (Wm −2 ·sr −1 ·µm −1 ), while these values for maritime and rural ones vary between 0 and 80 (Wm −2 ·sr −1 ·µm −1 ). On the other hand, the simulated TOA radiances by MODTRAN differ significantly not only with aerosol type, but also with visibility. Lower visibility gives higher TOA radiances. Consequently, a wrong assumption about visibility or aerosol type leads to a wrong calculation of water-leaving reflectance and as a result the water parameter concentrations may be overestimated or underestimated.
The results of performing of the coupled MOD2SEA model and the ESA MERIS standard C2R processor to derive water-leaving reflectances for MERIS bands of 3, 5 and 7 against ground truth measurements are shown in Figure 6 . The statistical analysis regarding this assessment are presented in Table 4 . As it can be seen from Figure 6 , the coupled MOD2SEA model provides significant improvements in the atmospheric correction and the resulting water-leaving reflectance in comparison with C2R processor in all MERIS bands of 3, 5 and 7. More details of this evaluation are presented in Table 4 . As it can be seen from Figure 6 , the coupled MOD2SEA model provides significant improvements in the atmospheric correction and the resulting water-leaving reflectance in comparison with C2R processor in all MERIS bands of 3, 5 and 7. More details of this evaluation are presented in Table 4 .
As the statistical measures show, performing atmospheric correction by applying the MODTRAN lookup table proposed in the MOD2SEA coupled model resulted in a reasonable accuracy against ground truth above the water radiometric dataset for 35 matchups between 2007−2010 at the NIOZ jetty station for bands 3, 5 and 7 respectively. In addition, the MOD2SEA coupled model shows significant improvement especially in band 3 with R 2 = 0.84, RMSE = 0.0022, NRMSE = 13.18% and RRMSE = 21.08% in comparison with C2R. The standard C2R processor also shows higher accuracy for band 3 (R 2 = 0.69, RMSE = 0.0047) in comparison with bands 5 (R 2 = 0.68, RMSE = 0.0058) and 7 (R 2 = 0.62, RMSE = 0.0063), respectively. 
Water Retrieval Validation
The comparisons of C2R and MOD2SEA Chla retrieval against ground truth measurements are shown in Figure 7 and related statistical analysis are presented in Table 5 . As the statistical measures show, performing atmospheric correction by applying the MODTRAN lookup table proposed in the MOD2SEA coupled model resulted in a reasonable accuracy against ground truth above the water radiometric dataset for 35 matchups between 2007−2010 at the NIOZ jetty station for bands 3, 5 and 7 respectively. In addition, the MOD2SEA coupled model shows significant improvement especially in band 3 with R 2 = 0.84, RMSE = 0.0022, NRMSE = 13.18% and RRMSE = 21.08% in comparison with C2R. The standard C2R processor also shows higher accuracy for band 3 (R 2 = 0.69, RMSE = 0.0047) in comparison with bands 5 (R 2 = 0.68, RMSE = 0.0058) and 7 (R 2 = 0.62, RMSE = 0.0063), respectively. 
The comparisons of C2R and MOD2SEA Chla retrieval against ground truth measurements are shown in Figure 7 and related statistical analysis are presented in Table 5 . Assessing the model accuracy using R 2 and RMSE shows the reasonable agreement between the measured and retrieved Chla (mg·m −3 ) for all the matchup points during 2007-2010 at the NIOZ jetty location with a significant regression ( Figure 7 : R 2 = 0.88 and RMSE = 3.32 mg·m −3 ) during the period of four years. In addition, the comparison of this model with the C2R processor shows significant improvement in retrieval of Chla. The result of this comparison is presented in Table 5 . Table 5 . Models performance evaluation Chla retrieval.
There are several possible reasons for the improvement of MOD2SEA in the retrieval of Chla in comparison with the C2R procedure, but the most obvious one is probably that the SIOPs used in the training of the C2R neural network might be more generic and thus different from the ones used in this study and which are more applicable to the Wadden Sea. In addition, the derived Chla data for Assessing the model accuracy using R 2 and RMSE shows the reasonable agreement between the measured and retrieved Chla (mg·m −3 ) for all the matchup points during 2007-2010 at the NIOZ jetty location with a significant regression ( Figure 7 : R 2 = 0.88 and RMSE = 3.32 mg·m −3 ) during the period of four years. In addition, the comparison of this model with the C2R processor shows significant improvement in retrieval of Chla. The result of this comparison is presented in Table 5 . There are several possible reasons for the improvement of MOD2SEA in the retrieval of Chla in comparison with the C2R procedure, but the most obvious one is probably that the SIOPs used in the training of the C2R neural network might be more generic and thus different from the ones used in this study and which are more applicable to the Wadden Sea. In addition, the derived Chla data for 35 matchups between 2007-2010 by the MOD2SEA coupled model was examined to see how well the ground truth values (mg·m −3 ) agreed with those derived from the MERIS images (mg·m −3 ) at the NIOZ jetty location (Figure 8 ). In this figure, the X-axis presents the date while the Y-axis presents the truth Chla in a four-year period, systematic overestimations at high Chla concentration values (during April and May) mg·m −3 were also identified. Chla products, particularly during the phytoplankton bloom seasons of spring and summer, require further development. This overestimation might be explained by the Chla parametrization of the Lee et al. [68] model, since it appears that the Chla model calibration based on that model does not fit that well for the Wadden Sea. This Chla overestimation using satellite images was also in agreement with a Chla retrieval overestimation in most of the European seas studies by Zibordi et al. [58] .
Discussion
Accurate estimation of water-leaving reflectance from satellite sensors is a fundamental goal for ocean color satellite missions [83] . Basically, the commonly applied atmospheric correction methods based on zero water-leaving reflectance in the near-infrared bands fail when applied to turbid waters since the high concentrations of water constituents lead to a detectable water-leaving reflectance in the near-infrared region in satellite image. In this study, we focused on the long-term retrieval of Chla concentration from MERIS images in the Wadden Sea, and the MOD2SEA coupled model is proposed as a tool to improve the retrieval of Chla concentration from earth observation data in this area.
Calculating accurate water-leaving reflectance spectra in order to translate them into Chla concentration under different atmospheric conditions is a crucial part of this study, since the atmosphere, in most cases, contributes more than 90% of the TOA radiance signal [41] . We can attribute the success of the MOD2SEA coupled model to its capability of combining simulations from 2SeaColor with the MODTRAN radiative transfer model for different combinations of aerosol type, visibility and water constituent concentrations for all MERIS bands to simulate TOA radiances, instead of applying routine atmospheric correction and water retrieval algorithms separately. Furthermore, based on a heterogeneous atmosphere assumption of the coupled MOD2SEA model, this technique can help suppress the influence of local haze variations in satellite images. Thus, applying this method results in a considerable improvement of the accuracy of the atmospheric correction, which is the most problematic part of remote sensing data processing for turbid waters like the Wadden Sea.
However, satellite estimation of Chla concentration is still difficult for coastal waters, where Chla, SPM and CDOM occur in various mixtures which complicate the derivation of their concentrations from reflectance observations. The 2SeaColor model performed well while the commonly applied water quality algorithms might fail in water constituent retrieval. Figure 9 shows an example of coupled MOD2SEA model spectral matchings for 2 October 2007.
As this figure shows, good matches are found between modelled and observed TOA radiance as well as modelled and atmospherically corrected water-leaving reflectance with respect to identified visibility and aerosol type by the coupled model. All in all, assessing the MOD2SEA Chla retrievals from MERIS data at one location (NIOZ jetty station) for a period of four years (2007) (2008) (2009) (2010) shows reasonable agreement with ground truth measurements (R 2 = 0.88, RMSE = 33.2%). The 33.2% RMSE appears reasonable enough, as compared with the validation of the SeaWiFS Chla data product for global open ocean waters with a relative RMSE of about 58% [1] . In addition, this model shows considerable improvement to retrieve Chla concentration from satellite images in comparison with similar studies for the Wadden Sea [10, 18] . The results of retrieved Chla concentration using this coupled model are within the range of measured Chla concentration (mg·m −3 ) on the ground reported by other researchers, while a clear seasonal pattern is observed with the peak values during spring (in May). For example, Hommersom [10] reported Chla concentration range variations in the Wadden Sea during eight surface water sampling campaigns in 2006−2007 in 156 stations while Chla also showed a strong seasonal pattern with the highest values during spring in May. Chang et al. [84] showed the higher Chla concentrations occurred in May. Reuter et al. [85] [86] showed a large variability of Chla concentration over the year in the Wadden Sea. Winter concentrations were much lower than summer concentrations while in spring a phytoplankton bloom with peak concentrations occurs. Cadée and Hegeman [87] showed that yearly patterns of Chla concentration were similar in the Wadden Sea, although the overall inter-annual variability is large, as well as the maxima measured during spring bloom (in May). All in all, regarding the reasonable agreement of the MOD2SEA results with ground truth measurements and considering the turbid nature and complex heterogeneity in the turbid Wadden Sea, the performance of this coupled model should be regarded as encouraging and satisfactory enough. much lower than summer concentrations while in spring a phytoplankton bloom with peak concentrations occurs. Cadée and Hegeman [87] showed that yearly patterns of Chla concentration were similar in the Wadden Sea, although the overall inter-annual variability is large, as well as the maxima measured during spring bloom (in May). All in all, regarding the reasonable agreement of the MOD2SEA results with ground truth measurements and considering the turbid nature and complex heterogeneity in the turbid Wadden Sea, the performance of this coupled model should be regarded as encouraging and satisfactory enough. It is also worth mentioning that in shallow coastal waters like the Wadden Sea the bottom might influence the reflected signal to the sensor. This is not the case for the NIOZ jetty data where, due to the depth of >5 m and the high turbidity of the water (Table 1 ) near the NIOZ jetty and the surrounding area, the bottom effect on observed reflectance is negligible. This has been confirmed in the quality check of the NIOZ jetty data and the corresponding MERIS pixels. However, in the other shallower parts of the Wadden Sea, the bottom effect might contribute substantially in the visible region of the spectrum. As can be seen in Figure 1 , the effect of the bottom is visible in large areas of the Wadden Sea satellite image. Thus, for shallow waters it is recommended in future studies to develop water constituent retrieval algorithms by incorporating sea bottom effects in the hydrooptical model. We speculate that developing a hydro-optical model including the bottom effect may lead to significant improvements in the derived water constituent concentrations from earth observation data in this shallow coastal region. That is why, in the next phase of this research, we are going to include the bottom effect contribution into the TOA radiance calculation to derive and provide Chla concentration maps over the Wadden Sea. It is also worth mentioning that in shallow coastal waters like the Wadden Sea the bottom might influence the reflected signal to the sensor. This is not the case for the NIOZ jetty data where, due to the depth of >5 m and the high turbidity of the water (Table 1 ) near the NIOZ jetty and the surrounding area, the bottom effect on observed reflectance is negligible. This has been confirmed in the quality check of the NIOZ jetty data and the corresponding MERIS pixels. However, in the other shallower parts of the Wadden Sea, the bottom effect might contribute substantially in the visible region of the spectrum. As can be seen in Figure 1 , the effect of the bottom is visible in large areas of the Wadden Sea satellite image. Thus, for shallow waters it is recommended in future studies to develop water constituent retrieval algorithms by incorporating sea bottom effects in the hydro-optical model. We speculate that developing a hydro-optical model including the bottom effect may lead to significant improvements in the derived water constituent concentrations from earth observation data in this shallow coastal region. That is why, in the next phase of this research, we are going to include the bottom effect contribution into the TOA radiance calculation to derive and provide Chla concentration maps over the Wadden Sea.
For the Wadden Sea, and many other estuaries, knowledge of local specific inherent optical properties to locally calibrate retrieval algorithms is often lacking, and more research is still needed. For the Wadden Sea, Peters et al. [88] reported a complete set of SIOPs for Chla, SPM and CDOM measurements. However, the data of Peters were all collected at one location (the Marsdiep inlet) and only for two days (in May 2000). After that, the only published set of SIOP measurements in the Wadden Sea was constructed by Hommersom et al. [11] . Using Hommersom's measurements, SIOPs increased the accuracy of the derived Chla concentration significantly in comparison to previous efforts in this region. However, Hommersom's measurements lack seasonal information on the SIOPs while there is currently not much information on the SIOPs to be the basis for a hydro-optical model for the Wadden Sea. Without any doubt, having seasonal SIOPs may lead to an improved accuracy of retrieved Chla using this coupled model. Thus, more in situ data (especially on SIOPs) is still necessary for the model calibration.
Although our current efforts are centered on validating the proposed coupled atmospheric-hydroptical model in the highly turbid Wadden Sea using MERIS satellite images, it is unclear how broadly applicable this coupled model will be and to what extent these findings could be generalized. Thus, we suggest to extend this study to other parts of the world using various ocean color remote sensors. However, to apply this method to other regions, first the availability of valid SIOPs (water quality constituent's absorption and backscattering coefficient), in addition to the accurate ecological and geophysical knowledge of the interest area (i.e., the ranges of water constituent concentrations) are needed. Furthermore, spectral response functions of the desired sensor as well as atmospheric parameters and illumination geometry of the satellite image to run MODTRAN are required. As a consequence, access to accurate in situ water-leaving reflectance and water quality parameter concentration is essential for the assessment of primary data products from satellite ocean color missions [55] using the proposed approach.
The water Framework Directive regulations from the European Union force member states to monitor all their coastal areas (Environment Directorate-General of the European Commission, 2000). Availability of one decade of MERIS images (2002-2012) over the Wadden Sea, gives the opportunity to provide long-term Chla distribution maps using this coupled model with reasonable accuracy and to conduct a one-decade phenological analysis in this area. To provide Chla concentration maps with reasonable accuracy, the proposed method should be applied pixel by pixel for the whole region of interest. To speed up the pixel-based approach, a filter can be introduced to remove those combinations of visibilities and aerosol types from the MODTRAN lookup table which result in negative water-leaving reflectance values in any band, by considering the recorded TOA signal per pixel. On the other hand, other water quality parameters like SPM and CDOM as well as visibility and aerosol model maps can be produced as output of the MOD2SEA code. Of particular interest when analyzing the variability in the MERIS-derived Chla data trend for the Wadden Sea is whether any significant decreasing trend from 2002-2012 would indicate the effect of prior nutrient reduction management actions. This has significant implications for identifying positive anomaly events and may act as an alert for management actions. Clearly, climatic variability needs to be considered carefully when interpreting the long-term data trends and when making management decisions [1] . Furthermore, this established MERIS-based Chla data record may serve as baseline data to continuously monitor the estuary's eutrophic state, and the validated algorithm may extend such observations to the future using various satellite continuity missions. The Ocean Land Color Instrument (OLCI), embedded on the Sentinel-3 platform, is a sensor especially adapted for aquatic remote sensing [89] and succeeded the MERIS sensor in 2015 [90] . The launch of Sentinel-3 and OLCI will secure future consistent operational monitoring by medium resolution data for water quality assessment also of coastal zones and bays [89] . OLCI is designed mainly for global biological and biochemical oceanography, which constrains its spatial resolution. On the other hand, the asymmetric view of OLCI will offer sun-glint free images in 21 spectral bands (from ultraviolet to near-infrared wavelengths) with an improved spatial coverage and temporal frequency. OLCI will provide high quality optical ocean observations (e.g., normalized water-leaving radiance, inherent optical properties, spectral attenuation of downwelling irradiance, photosynthetically active radiation, particle size distribution) and allow more accurate retrieval of the ocean color variables (e.g., Chlorophyll, SPM and CDOM concentrations) [91] where the OLCI bands are optimized to measure ocean color over open ocean and coastal zones. Sentinel-3 was successfully launched in February 2016 and will give free access to satellite data of the Wadden Sea. It is expected that the MOD2SEA coupled model will also operate successfully to derive Chla concentration using OLCI images for highly turbid waters and that it will result in an accuracy improvement in atmospheric correction and Chla retrieval aspects in comparison with the MERIS sensor. Thus, applying this method for further studies using OLCI data over the Wadden Sea is recommended.
Conclusions
A coupled atmospheric-hydro-optical model (MOD2SEA) has been proposed and validated to derive long-term Chla concentration (mg·m −3 ), visibility and aerosol type from MERIS observations for the coastal turbid area of the Wadden Sea. At one location, the model validation showed a good agreement between MERIS-derived and measured Chla concentration for a period of four years (2007) (2008) (2009) (2010) . We attribute the success of this approach to the simultaneous retrieval of atmosphere and water properties. In addition, we have found that water and atmospheric properties have different effects on TOA radiance spectra and therefore these are separately retrievable from MERIS data if the coupled MOD2SEA model is used. Using this coupled atmospheric-hydro-optical model led to considerable improvement for the simultaneous retrieval of water and atmosphere properties using earth observation data, with significant results in the accuracy in comparison with other algorithms applied to derive Chla in the Wadden Sea.
